Introduction
In the early years of this century, Millikan demonstrated that the electric charges on tiny droplets of oil were quantized. With this discovery he confirmed that matter was made up of particles charged with integral-multiples of a basic charge unit c=4.80x10""' esu. In the mid-60's Ciell-Mann and Zweig proposed a theory of hadron structure based on three types of quarks, objects which are most easily interpreted as particles with charges of ±-c or ±-r<'-Later experiments bore out the theory by showing that hadrons appear to be composed of point-like fractionally-charged particles. One question raised by these results is that of the existence of an isolated quark in nature. There have been many searches for fractionallycharged particles produced in high-energy accelerator reactions and in even higher-energy cosmic-ray events, but they have yielded no positive results. ' If quarks exist at all in isolation, there is reason to believe that they will be found in some concentration in the Earth's crust.
The quarks would most likely be the result of some super-high-energy cosmic-ray event or the relics of some early stage of the formation of the universe. Many searches for isolated quarks on stable matter have been undertaken, again with no positive results.-The total amount of matter examined directly in the searches to dale is a few nv'.ligrams. An apparatus is described here which will analyze matter for stable fractional charges in quantities ranging around one gram. A rate of mass-analysis of 10"'' a I sec and an ultimate sensitivity of \0' 2A per nucleon are expected.
Theory of Apparatus
The apparatus analyzes the charges of a series of droplets by measuring their deflection in falling through a horizontal static electric field. The force on a droplet is The term /•","."./,/,,," is the total force due to the electrical and aerodynamic interactions with nearby droplets in the apparatus. These electrical interactions are between the respective charges and dipole moments of neighboring droplets. The dominant term in / r mu ./,/», r , is that of the dipole-dipole interaction between adjacent droplets. The magnitude of these forces decreases with distance, so minimization of their effects requires the maintenance of a minimum separation between droplets. This allows the simplification of the dependence of the force on a droplet to Ffq.'V.'x). The net deflection of a droplet by this force is In the ideal case, where all parameters besides droplet charge are repeatable, the deflection of all droplets of a given charge due to this force is the same for each droplet, and the precision of resolution of the charge is limited only by the resolution in the measurement of the deflection.
In actuality, the deflection of a given charge varies with the parameters. High charge resolution requires high consistency in these parameters; i.e. the variations 8m/m and Sr/r among all dro plets must be kept small. The existence of a divergent spray in the stream of droplels intro duces an essentially random component of velocity perpendicular to the flow to the droplets.
All perpendicular velocities must be kept to an absolute minimum, since a small velocity, mul tiplied by a time-of-flight of the order of a second, can result in a noticeable variance in the deflection of a droplet. It is also important that none of the forces or parameters change with Figure 3 is a plot of data collected by researchers at IBM and indicates the frequency-amplitude window in which satellites are created. 4 At amplitudes above the window, the satellites will forward-merge within a few wavelengths; at those below the window, the satellites backward-merge in the same range. The diameter of a satellite droplet is generally about one tenth the diameter of a primary droplet.
A charge can be induced on a droplet by applying a potential to an electrode surrounding the stream at the point of separation. The electrically conductive liquid in the stream is held near zero potential; thus, the potential on the electrode draws charges into the tip of the stream. The magnitude of the mean charge induced on the droplet depends on the capacitance between the droplet and the electrode and the capacitances between the droplet and previously released droplets Thermal fluctuations produce a distribution of charges around this mean charge. The rms deviation of the distribution of the charges on a capacitor C in equilibrium with a temperature bath 7" is equal to y/lCkf. For an isolated spherical droplet, the capacitance is just the droplet radius.
Description of Method
The apparatus, which is diagrammed in Figure 4 , can operate in two modes. Both modes produce droplets at rates corresponding to maximum growth of capillary-wave perturbations.
The first mode produces a series of small, identical droplets of which only a small percentage is retained for analysis. These droplets are given a mean charge of zero; the thermally-induced deviations about this mean are analyzed. The remaining droplets are charged highly and deflected from between the deflecting electrodes in order to increase the separation between analyzed droplets. A small slot in each of the deflecting electrodes facilitates the disposal of these and other highly-charged droplets.
The second mode operates in the satellite-creation window (see Figure 3) , and produces satellites between primary droplets comparable in size to the primary droplets of mode 1. A larger orifice produces larger, more-widely separated primary droplets than in mode 1. All dro plets are given zero mean charge, and the satellite droplets are charge-analyzed as above. The 
Apparatus
The droplet generator is made of electron-beam welded AISI 412 stainless steel. It is The deflecting electrodes are 36-inch sections of inch-wide, sixteenth-inch-thick chromeplated ground steel. The geometry of the electrodes is detailed in Figure 7 . The electric field used in actual operation is produced by a 3 k V potential across the electrodes. The resulting difference between the deflections of adjacent integer charges is predicted lo be 0.7 mm. All areas of low radius of curvature musl be removed from the electrodes before operation in order to minimize field-ion emission associated with the intensitied electric field at these points. The corners and edges of the steel were rounded prior to plating, and the chrome itself is smooth to 60-Z. specification (=80 A peak-to-peak variation). The ion-bombardment associated with the field-emission erodes any points on the negative deflecting electrode to an extent dependent on the magnitude of the applied electric field. In this manner, the deflecting electrodes are electro-polished before use by a 10 k V potential of each polarity, applied across the electrodes until the ion-current between them disappears.
The molecular sieve. Zeolite, used in the evacuation of the apparatus will absorb most vapors when cooled to LN-, temperatures. The system is mechanically pumped down to a pres sure of 100 JU. Ha before exposing the. Zeolite. This reduces the concentration of the few ele ments Zeolite is unable to ibsorb and so allows realization of the required 2 /n Hg pressure.
The vapor from the housing passes through the mercury trap, which is filled with copper wool.
The copper amalgamates with any mercury vapor present and so removes the vapor from the system. The remaining vapor passes into a LN 2 cold trap, where it is exposed to the Zeolite.
The Zeolite pump contributes no vibrational noise to the system.
The photo-ejection of charges from the droplets might lead to a build-up of static electric charge on the dielectric inside surface of the housing pipe. This charge would have unpredict able effects on the trajectories of the charged droplets. A thin, electrically grounded layer of conductive graphite coating the inside of the housing pipe prevents such a buildup of charge.
The observation windows in the apparatus are screened off with stainless steel mesh to com plete the electrostatic shielding and at the same time preserve the transparency of the windows.
The resistance of the graphite layer is on the order of 100 kil/fi. Precautions were taken to minimize the photo-ejection of charge by making the apparatus opaque to ultra-violet light.
The observation windows are made of {/('-absorbing acrylic, and any t/K-leaks into the apparatus are Hlacked over. The analysis of the droplets takes place in a light-tight box fixed at the bottom of the housing pipe.
The initial analysis of droplet charge will be made with a simple still camera. The film is exposed to light reflected from the droplets for a period of the order of a minute. The light illuminating the droplets is from a strobe synchronized lo the rale of passage of droplets. The intensity of the image of a stream of deflected droplets depends on ihe number of droplets in the stream. Brighter streams are most likely to be those of integrally-charged droplets; any fainter stream between integer streams might correspond to a fractional charge.
The data are taken with a 1728-buckei optically-sensitive charge-coupled device (CCD).
Light from a gas laser is scattered from the droplets onto the array of buckets. Each bucket develops a charge which is proportional to the amount of light incident during the period of data accumulation. This period corresponds lo the passage of a few droplets through the beam.
Each bucket is in two sections in order to be able lo collect new data while old data is being 10 usee, corresponding to a maximum rate of pulse analysis of 100 kHz. However, the CCD outputs the data from the array at rates hetween 156 A7/rand 10 MHz. Running the multichan nel analyzer at its maximum rate and the CCD at ils lowesl rale produces acceptable results.
The low rate of analysis of CCD-buckei contents allows noise of the order of 0.01 V to build up in the buckets.
Conclusion
No data had been taken up to the lime of publication. From the tests made of the apparatus we feel thai the predicted sensitivity of 10~2 4 /nucleoli can be attained. The apparatus is designed lo produce a separation of ^700 (tm between adjacent integer charges. Earlier cal culations of the magnitude of random effects on the trajectories of the droplets show that the maximum variance of a charged droplet from its unperturbed trajectory is 8 iinr, thus, an accu racy of better than 0.02? can be achieved wilh the apparatus as described above.' 
Stainless steel plate
To driver 
